Island vertebrate consumers of marine crustaceans and fish are particularly susceptible to seasonal fluctuations of oceanographic conditions. The endemic fish-eating myotis (Myotis vivesi) is restricted to a few insular ecosystems in the Gulf of California, where it feeds on both marine and terrestrial prey; yet it is unknown whether its diet covaries with marine primary productivity. We determined the relative contribution of marine and terrestrial food sources to the diet of the fish-eating myotis to test the hypothesis that seasonal changes in oceanic primary productivity would dictate general feeding patterns of this bat species. We predicted that marine food would predominate in the diet of the bat during winter followed by an increase in importance of terrestrial food sources as summer approached. We measured amount of feces deposited in the day roost per bat and extrapolated this value to estimate amount of feces deposited in 1 year by the fish-eating myotis population in Partida Norte Island. Carbon and nitrogen stable isotope analysis of bat blood and examination of food remains in feces showed that marine food was the main source of nutrients for fish-eating myotis throughout the year. Importance of terrestrial food was marginal during most of the year, with a modest increase in summer. Estimated annual feces production was up to 1,518 kg. Because of its predominantly marine feeding habits, fisheating myotis transfer allochthonous nutrients to islands where they roost, subsidizing the nutrient and energy economy of the islands.
Seasonal variation in temperature and precipitation in desert ecosystems represents a critical challenge for animals, including mammals (Walsberg 2000) . Although the Sonoran Desert is the most tropical desert of North America, seasonality of rainfall heavily influences patterns of primary productivity and animal ecology (Phillips and Wentworth 2000) . Climatic variation throughout the year is not restricted to the continental part of the Sonoran Desert but it extends to islands located in the midriff of the Gulf of California, which exhibits marked seasonal variation in temperature, rainfall, and wind patterns (Álvarez-Borrego 2002) . Therefore, marine biodiversity in the midriff region is strongly influenced by seasonal fluctuations of sea surface temperature (Álvarez-Borrego 2002) causing several species of marine invertebrates, algae, and some tropical marine vertebrates to disappear or to migrate during winter and some temperate species to disappear during summer (Brusca et al. 2005 ). Subsequently, vertebrates that inhabit these islands and consume marine organisms can be affected by variations in abundance of marine crustaceans and fish related to seasonal changes in oceanographic conditions (Anderson 1983; García-Rodríguez and Aurioles-Gamboa 2004; Velarde et al. 2004) .
The fish-eating myotis (Myotis vivesi; Vespertilionidae) is the only species of terrestrial mammal residing permanently on w w w . m a m m a l o g y . o r g 1102 islands of the Gulf of California that preys on marine food. This species is the only bat worldwide that hunts for small fish and crustaceans in the ocean, complementing its diet with terrestrial insects (Maya 1968) . The fish-eating myotis is classified as an endangered species based, among other things, on its specialized feeding habits (Hutson et al. 2001; ArroyoCabrales and Alvarez Castañeda 2008; Norma Oficial Mexicana 2010) . In spite of unique feeding habits of fish-eating myotis, dietary information for this species is scant and based on anecdotal information covering only parts of the year (Burt 1932; Reeder and Norris 1954; Maya 1968) .
Based on large seasonal fluctuations in prey availability in the Gulf of California, it is expected that diet of fish-eating myotis varies accordingly throughout the year. We used analysis of stable isotope (stable isotope analysis [SIA] ) ratios to reconstruct seasonal dietary patterns of fish-eating myotis throughout the year to assess nutrient fluxes between isotopically contrasting environments. In particular, analysis of carbon (C) and nitrogen (N) stable isotopes is useful for quantifying relative contribution of marine and terrestrial food sources to consumer diets on oceanic islands (Anderson and Polis 1999; Polis 2003a, 2003b; Major et al. 2007 ). We determined relative contribution of marine and terrestrial food sources to diet of an island population of fish-eating myotis to test the hypothesis that seasonal changes in oceanic primary productivity would dictate general feeding patterns of this bat species. We predicted that marine food would predominate in the diet of fish-eating myotis during winter, when marine primary productivity peaks in the Gulf of California, followed by an increase in importance of terrestrial food sources as summer approaches and marine primary productivity decreases (Álvarez-Borrego 2002; Douglas et al. 2007 ). We complemented the C and N SIA with the examination of food content in bat excreta to corroborate isotopic diet reconstruction and to determine taxonomic identity of prey items. Because primary productivity is low in the Gulf of California islands (Polis and Hurd 1996) and some of them are subsidized by influx of marine nutrients brought by marine birds (Anderson and Polis 1999, 2004) , we quantified the potential role of fish-eating myotis as a transporter of marine nutrients to the island.
MATERIALS AND METHODS
Study area.-We conducted the study on Partida Norte Island (28852 0 30 00 N, 113802 0 17 00 W), a 1.4-km 2 island located in the midriff region of the Gulf of California, Mexico (Carreño and Helenes 2002) . This island holds the largest known colony of fish-eating myotis (~8,000 adults- Flores-Martínez et al. 2005) . Most midriff region islands exhibit a mean annual temperature of 228C and a mean annual rainfall of 100 mm (Álvarez-Borrego 2002) . In the midriff region, sea surface temperature has drastic seasonal fluctuations that promote variation in marine primary productivity (measured by a surrogate of chlorophyll a concentrations [mg/m 3 ]), where primary productivity is higher in winter than in summer (Douglas et al. 2007 ). Collection of samples.-Fieldwork was carried out bimonthly during June, September, October, and December of 2008 and February and April of 2009. During each field trip, we captured at least 30 bats in their roosts and we placed them immediately in individual cloth bags for 30 min to collect feces. Feces were stored in a plastic vial with 70% ethanol. We collected 100 ll of blood from 10 individuals in each sampling month (5 males and 5 females), except in December (1 male and 9 females). Blood was taken from the uropatagial vein of each bat with heparinized capillary tubes and placed in a plastic vial with 1 ml of 70% ethanol. Bats were temporarily marked by cutting hair on their back to avoid resampling the same individual in the same period. In July 2011 we captured 5 adult bats in their day roosts at 0800 h and kept them in individual cloth bags during~7 h to collect the feces produced during this period to estimate the amount of dry matter excreted by the bat population on the island. Feces collected from each of these individuals were placed in plastic vials with 70% ethanol. Methods of capturing and handling bats were approved by the Secretaría de Medio Ambiente y Recursos Naturales (Mexico) and followed guidelines of American Society of Mammalogists (Sikes et al. 2011) .
During each field trip, we sampled marine fish and crustaceans and terrestrial insects (coleopterans) that were likely prey of fish-eating myotis to determine their isotopic composition. Fish and crustaceans were collected at the water surface within~100 m of the island. Fish were captured using 1 fishing net and 4 fish traps. The fishing net (2 m diameter, 1 cm mesh) was made of multifilaments of nylon. Fish traps (minnow traps) were wire enclosures used to trap adult fish of small species. Dimensions of traps were approximately 40 cm in length, 23 cm in diameter at the middle, and 19 cm in diameter at the ends. Crustaceans were captured using a plankton net (diameter 0.15 m and length 0.45 m). Insects were collected with 4 white-light traps located~100 m from the coastline. Fish, crustaceans, and insects were placed in 90% ethanol and identified to the lowest possible taxonomic level (mostly order). We collected insects in September, October, and April but not in June, December, and February because of frequent rainfall and strong winds. Fish were captured in June, October, December, and April, and crustaceans were captured in all sampling periods.
Examination of fecal samples.-Fecal pellets collected from each bat were soaked in 70% ethanol in a petri dish and then dissected with a dissecting needle and forceps (Whitaker 1988) . Remains of fish, crustaceans, and insects were separated with the aid of a stereomicroscope (Stemi SR, 10 3 0.8 magnification; Zeiss, Oberkochen, Germany) and the percent area occupied by each group in the petri dish was estimated with the aid of grid paper (10 3 10 units) attached to the bottom of the dish. Food remains were identified to the lowest possible taxonomic level (Stemi SR, 10 3 5 magnification). Crustaceans and insects were identified by comparison with material collected during field sampling and with the help of personnel from Instituto de Biología, Universidad Nacional Autónoma de México. Fish were identified using otoliths with taxonomic guides (Fitch 1967 (Fitch , 1972 Rivaton and Bourret 1999; Mascareñas-Osorio et al. 2003; Lombarte et al. 2006; Froese and Pauly 2011) and the help of personnel from the Departamento de Biologia Animal of Faculdade de Ciências at Universidade de Lisboa.
Daytime feces production.-Dry weight of feces produced by each bat during the day was obtained using an electronic balance (BL210; SartoriusAG, Göttingen, Germany) and we averaged these values to obtain mean fecal mass produced per individual bat per day. We estimated amount of feces deposited by the population of fish-eating myotis in Partida Norte Island in 1 year. To do this, we used the population size estimated in a census in May 2001 for fish-eating myotis in Partida Norte Island (~8,000 adults-Flores- Martínez et al. 2005 ). Our approach is rather conservative because most males abandon the island during late pregnancy and lactation (May-July) and the population size that we used represents mainly lactating females (Flores-Martínez et al. 2005) .
Stable isotope analysis.-We used only muscle of crustaceans, insects (Coleoptera), and fish for their SIAs; in the case of bats, we used whole blood. Bat blood samples (n ¼ 60), fish (n ¼ 9), crustaceans (n ¼ 22), and insects (n ¼ 19) collected in the field were dried at 408C over 48 h and then pulverized in a small mortar. Subsamples of 0.5 mg were weighed in tin cups. Loaded capsules were combusted in a Flash elemental analyzer (Flash EA 1112; Thermo Finnigan, Bremen, Germany) and N and C isotopic ratios were then measured using a Delta V Advantage isotope ratio-mass spectrometer (Thermo Finnigan) in a continuous-flow mode. Stable isotope ratios were expressed in d notation as parts per thousand (%) deviations from the international standards Peedee belemnite marine limestone (PDB for C) and air (for N) according to the equation: dX ¼ {[(R sample /R standard ) À 1] 3 1,000}, where dX was 13 C or 15 N and R was the corresponding ratio 13 C: 12 C or 15 N: 14 N of samples analyzed and standards. Diet reconstruction.-We used the SIAR (SIA in R) package (Parnell et al. 2010 ) to determine proportions of fish, crustaceans, and insects in the diet of fish-eating myotis. Mean half-life of C and N (e.g., the expected time when half the number of C and N atoms have been replaced) in whole blood of bats is 24-39 and 25 days, respectively (Mirón et al. 2006) ; therefore, our reconstruction reflects the integrated diet of the animal in the last~6-8 weeks. SIAR's output produces a range of solutions regarding proportional contribution of each food to the population based on every individual bat sample. The model incorporates sources of uncertainty in isotope composition and element concentration of food sources, and in the value of trophic enrichment factors (TEFs; e.g., the difference in isotopic signature between the source and the consumer as the food is incorporated into the tissues). We considered mean (6 SD) of d 13 C, d 15 N, % C, and % N of each food source. TEF for whole blood has not been determined for bats on fish, insect, or crustacean diets. We used the TEF for red blood cells of mammals fed fish ( 13 C TEF ¼ (Zar 1999 ). We did not examine seasonal variation for isotopic values of fish because of small sample size and we did not include crustaceans collected in April in the analyses because sample size was 1 in this period. Differences in d 13 C and d 15 N between bat sexes also were examined using Mann-Whitney U-tests (Zar 1999) . Differences in percentage of area covered by each food item (e.g., fish, crustaceans, and insects) in feces samples were analyzed with Kruskal-Wallis ANOVA followed by a nonparametric Wilcoxon test between sampling months when applicable. All statistical analyses were carried out using software R ( R Development Core Team 2004 -2010 . Values are expressed as mean (6 1 SD) and null hypotheses were rejected at a ¼ 0.05.
RESULTS
Examination of fecal samples.-We analyzed fecal samples collected from 128 bats. Number of analyzed samples ranged from 14 to 33 per sampling period and each sample consisted of 1-5 pellets. Crustacean remains were identified to the order Mysida and insects to the order Coleoptera. We found 19 otoliths in all samples. Most otoliths were identified as Myctophidae (10) and 1 otolith was identified as Engraulis sp. (Engraulidae). The remaining otoliths could not be identified to taxonomic group.
Mean percentage of area of feces covered by crustaceans (H 5 ¼ 42.5, P , 0.05) and fish (H 5 ¼ 45.2, P , 0.05) varied significantly among sampling periods (Fig. 1) . Feces in February-April contained remains of fish and crustaceans in almost equal proportions; in September-October the proportion of crustaceans decreased and the proportion of fish increased, followed by an increase of crustaceans and a decrease of fish in December (Fig. 1) . In contrast, mean percentage of area covered by insects was low and it did not vary among months (H 5 ¼ 3.67, P . 0.05; Fig. 1) .
Daytime feces production.-Daily production of feces was 0.38 6 0.08 g per individual with an estimated annual production of 1,109 kg, but it can be up to 1,518 kg if we consider the highest daily production value (0.52 g per individual per day). Diet reconstruction.-Because of lack of significant changes in isotopic values of food sources, we used mean annual isotopic values to reconstruct bat diet. Assimilated nutrients by fish-eating myotis originated almost completely from marine food (fish and crustaceans) in all months, whereas terrestrial food (insects) contributed modestly only in samples collected in June. When SIAR was run using different TEF values for fish, crustacean, and insect diets, fish was the food item that contributed the most in all months (60-90% of assimilated nutrients), except in June when crustaceans were the most important food item (40% of assimilated nutrients) and insects had their highest contribution (23% of nutrients; Fig. 3a) . When SIAR was conducted using the same TEF for all food sources, the contribution of crustaceans increased and fish nutrients predominated only in September-December, with a slight predominance of crustacean nutrients in February (Fig.  3b) .
DISCUSSION
In contrast to our prediction, isotopic analysis and examination of food remains in feces showed that marine food was the main source of assimilated nutrients for fish-eating myotis throughout the year. Importance of terrestrial food was marginal during most of the year, with a modest increase in summer. In the following paragraphs we discuss our dietary findings and the potential role of the bat as a nutrient subsidizer to the trophic web of desert oceanic islands.
Feeding habits based on feces contents.-In general, our data obtained from feces agreed with previous observations made by Maya (1968) . However, Maya's study suggested that crustaceans were the most important food item and fish and insects were secondary food sources. In contrast, we found that crustaceans were the most frequent type of food found in feces of fish-eating myotis in December, February, and April, whereas fish remains were more frequently found during September, October, and June. Differences with our study can be explained by low number of samples collected by Maya (n ¼ 22) during 3 months of sampling (Maya 1968) . Similarly to Maya's study, insects were present in our study in low proportions. Other anecdotal reports of diet of fish-eating myotis also confirm the marine nature of the predominant food items (Burt 1932; Reeder and Norris 1954) .
Fish were found in feces in all sampling months, probably due to high survival of fish larva throughout the year promoted by high primary and secondary productivity in the midriff region of the Gulf of California (Ávalos-García et al. 2003) . Both adult and juvenile fish are a food resource available in every season because species of engraulids and clupeids are abundant during the winter, whereas myctophids are abundant in the summer (Moser et al. 1974; Ávalos-García et al. 2003) . The high frequency of otoliths of myctophids found in feces of fish-eating myotis is noteworthy because these fish typically are found at demersal depths; however, they migrate vertically in the water column and can reach the pelagic zone at night (Bañón et al. 2001) . Additionally, myctophids exhibit high abundance in the Gulf of California (Sánchez-Velasco et al. 2004 ) and in all oceans in the world, representing the main food source for predator fish, seabirds, and marine mammals (Kozlov 1995) . Myctophids are considered a key component of pelagic sea ecosystems worldwide (Kozlov 1995; Rodríguez-Varela et al. 2001; Sassa 2009 ), including the Gulf of California (Moser et al. 1974) . Marine crustaceans of the order Mysida also were found in bat feces during all sampled months. Mysidaceans are frequently encountered in zooplankton of the Gulf of California (Brinton et al. 1986 ) and may become available as food items for fish-eating myotis when these crustaceans move upward in the water column to reach the pelagic zone at night (Mauchline 1980) . Similarly to myctophids, mysidaceans are at the base of the food web in many marine ecosystems worldwide (Price 2004) .
Isotopic reconstruction of feeding habits.-In general, the 2 SIAR models reconstructed the same feeding habits as feces examination: virtually all nutrients assimilated by fisheating myotis were of marine origin throughout the year. Our 2-diet reconstructions differed in the relative importance of the 2 marine food types considered: 1 SIAR model indicated that fish was the main source of assimilated nutrients throughout the year, whereas the 2nd SIAR model indicated that fish was slightly predominant in September, October, and November, and that crustaceans predominated in February. Based on results of fecal examinations, it is likely that relative importance of fish and crustaceans as food varies seasonally, as suggested by our 2nd isotopic diet reconstruction. Our work suggests that relative importance of marine fish and crustaceans as food sources in fish-eating myotis differs throughout the year, which might be linked to seasonal variations in weather and ocean water temperature and thus primary productivity in the Gulf of California (Brusca et al. 2005; Douglas et al. 2007 ). Temporal fluctuations in prey availability in the Gulf of California have been considered as a mechanism that explains seasonal changes in the diet of other marine mammals, such as the common rorqual (Balaenoptera physalus), which feeds mainly on crustaceans in the winter and on fish in the summer (Jaume 2004; Ladró n de Guevara et al. 2008) . However, because the 2 marine sources of food were similar in their d 15 N and d 13 C values, isotopic reconstruction of importance of fish and crustaceans as food must be considered with caution. Because we used blood samples for our stable isotope reconstruction of diet, we cannot detect use of food as a source of energy for the animal. For example, a previous study showed that the C SIAs of wing tissue and breath of omnivorous bats reflect the isotope signature of protein from insects and carbohydrates from fruits, respectively (Voigt et al. 2008) . Lipids are probably the main form in which fish-eating myotis obtains energy in its diet and this nutrient is present in roughly the same amounts in marine (crustaceans: 10-14% dry mass; fish: 22-25% dry mass-Rodríguez Valenzuela 2009) and terrestrial (coleopterans: 14% dry mass-Lease and Wolf 2011) food sources. However, we do not discard that further work with breath and tissue samples may reveal nutrient routing in fish-eating myotis.
Fish-eating myotis and other piscivorous bats.-Both our isotopic diet reconstruction and examination of fecal contents suggest that fish-eating myotis depends almost exclusively on fish and crustaceans. In contrast, the greater bulldog bat (Noctilio leporinus) feeds extensively on small aerial insects during spring in addition to feeding on fish (Brooke 1994; Zortéa and Aguiar 2001; Bordignon 2006) . The fish-eating myotis is one of the largest species in the genus Myotis and its large hind legs and well-developed claws are presumably associated with a diet of small marine crustaceans and fish (Maya 1968; Stadelmann et al. 2004) . A handful of other Old World species of Myotis also eat fish and share some morphological similarities with fish-eating myotis, but insects still represent a significant portion of their diets (Ma et al. 2006; Almenar et al. 2007 ). The fish-eating myotis represents an endemic evolution of piscivory with respect to its piscivorous Old World relatives (Stadelmann et al. 2004) , which was highly favored in a predominantly aquatic environment where terrestrial food sources are scant. The Gulf of California has an area of~250,000 km 2 (Lindsay and Engstrand 2002) of which only~3,000 km 2 correspond to insular areas (Lindsay and Engstrand 2002) and~200 km 2 to the islands where the fish-eating myotis roosts (J. J. FloresMartínez, pers. obs.). Large and rich marine foraging areas probably favored transition to a marine-based diet in the fisheating myotis, in contrast to its piscivorous relatives. The fisheating myotis is the most common species of bat in the Gulf of California (Lawlor et al. 2002) and its feeding habits most likely contribute to its successful use of a unique ecological niche.
Feeding habits of fish-eating myotis and island nutrient economy.-Because of predominantly marine feeding habits, the fish-eating myotis transfers allochthonous nutrients to the islands where it roosts. The importance of marine nutrient transfer to terrestrial ecosystems in oceanic islands is widely recognized for marine birds (Anderson and Polis 1999, 2004; Polis et al. 2004; Wait et al. 2005 ) but it is rarely described for marine mammals worldwide (but see Fariña et al. 2003) . Fish-eating myotis form permanent colonies on several islands in the Gulf of California (Blood and Clark 1998) , with populations of up to 8,000 adults in Partida Norte Island (Flores-Martínez et al. 2005 ). Because of extremely low terrestrial primary productivity of the islands in the Gulf of California (, 100 g dry matter m À1 year À1 -Polis and Hurd 1996), populations of fish-eating myotis probably subsidize (at least partly) the nutrient economy of these ecosystems. Our conservative estimates of feces production in Partida Norte Island can be as high as 1.5 tons per year, which might represent 27,330,000 kJ of energy, 167 kg of N, 10 kg of phosphorus (estimates based on energy and nutrient content of guano of Brazilian freetailed bats [Tadarida brasiliensis-Reichard 2010]), and 750 kg of C (50% C in bat feces; L. G. Herrera M., pers. obs.) per year. Similarly to other ecosystems with low primary productivity (Fenolio et al. 2006) , energy and nutrient marine subsidies to islands brought by resident populations of fish-eating myotis might be critical for plants and detritivorous animals and their consumers. Because our study was limited to a single year, future work should explore if use of marine and terrestrial food sources by fisheating myotis and their role as island subsidizers varies over several years in relation to climatic events (Stapp and Polis 2003a) .
RESUMEN
Los vertebrados insulares que se alimentan de crustáceos y peces marinos son particularmente susceptibles a las fluctuaciones estacionales de las condiciones oceanográficas. El murciélago endémico myotis pescador (Myotis vivesi) está restringido a los ecosistemas insulares del Golfo de California, donde se alimenta de presas marinas y terrestres; sin embargo, no se sabe si su dieta varía con la productividad primaria marina. Nosotros estimamos la contribución relativa de fuentes de alimento marinas y terrestres en la dieta del myotis pescador para poner a prueba la hipó tesis de que los cambios estacionales en la productividad primaria oceánica determinan los patrones generales de alimentación de esta especie. Se predijo que los alimentos de origen marino predominan en la dieta del murciélago durante el invierno, y que la importancia de los alimentos de origen terrestre aumenta conforme se acerca el verano. Además, se midió la cantidad de heces fecales depositadas en los refugios diurnos por cada individuo y se extrapoló este valor para estimar la cantidad depositada en un año por la población de myotis pescador en la Isla Partida Norte. Los análisis de isótopos estables de carbono y nitrógeno de la sangre de murciélagos y el examen del contenido de restos de alimentos en las heces demostraron que el alimento marino fue la principal fuente de nutrientes proteinas a lo largo del año para el myotis pescador. La importancia de las fuentes de alimento terrestre fue marginal durante todo el año, con un incremento modesto en el verano. La producción anual de heces estimada fue de hasta 1,518 kg. Debido a sus hábitos alimentarios predominantemente marinos, el myotis pescador transfiere nutrientes alóctonos a las islas donde se refugia, subsidiando ási la economía de nutrientes y energía de estas.
